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(54) Pressure control system for zero boiloff superconducting magnet 



(57) A pressure control system for the cryogen pres- 
sure vessel of a helium cooled superconducting magnet 
assembly including a helium gas recondenser (39) to 
return liquid helium (54) to the helium supply including 
a temperature sensor (70) proximate to the recondenser 
to provide a control signal (71 ) for maintaining a prese- 



lected temperature of said recondenser in order to main- 
tain a preselected pressure within said helium vessel 
above the pressure outside the vessel and further in- 
cluding an indication of the thermal conductance (86) 
across the interface between the recondsenser and the 
crycooler which cools the recondenser. 
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Description 

[0001] This invention relates to pressure control for 
helium cooled superconducting magnet assemblies 
suitable for magnetic resonance imaging (hereinafter 
called ■MRI"), and more particularly to an improved and 
simplified helium bath pressure control for systems uti- 
lizing a recondenser for recondensing the resultant he- 
lium gas back into liquid helium. 
[0002] As is well known, a superconducting magnet 
can be made superconducting by placing it in an ex- 
tremely cold environment, such as by enclosing it in a 
cryostat or pressure vessel containing a cryogen such 
as liquid helium. The extreme cold maintains current 
flow through the magnet coils after a power source ini- 
tially connected to the coil (for a relatively short period) 
is disconnected due to the absence of electrical resist- 
ance in the cold magnet coils, thereby maintaining a 
strong magnetic field. Superconducting magnet assem- 
blies find wide application in the field of MRI. 
[0003] The provision of a steady supply of liquid heli- 
um to MRI installations all over the world has proved to 
be difficult and costly leading to considerable research 
and development efforts directed at minimizing the need 
to replenish the boiling liquid helium such as by 
recondensing the resultant helium gas. Also, it is desir- 
able to avoid the difficulties encountered in storing the 
necessary reserve supply of liquid helium at cryogenic 
temperatures of around 4° K (or close to absolute zero) 
and the related problems of periodically transferring a 
portion of the liquid helium in the storage reservoir to 
the liquid helium supply in the MRI superconducting 
magnet. 

[0004] In a typical MRI magnet, the main supercon- 
ducting magnet coils are enclosed in a cylindrically 
shaped pressure vessel defining an imaging bore in the 
central region along its axis. The magnetic field in the 
imaging bore must be very homogenous and temporally 
constant for accurate imaging. 

[0005] Superconducting magnets which recondense 
the helium gas back to liquid helium are often referred 
to as zero boiloff(ZBO) magnets. In such ZBO magnets 
the pressure within the helium vessel must be main- 
tained at pressures above the exterior atmospheric 
pressure to prevent cryopumping. Cryopumping occurs 
when helium vessel internal pressure is less than the 
surrounding atmospheric pressure such that contami- 
nants can be drawn into the helium vessel causing 
blockages in the magnet penetration which adversely 
affect MRI performance. Helium vessel pressure below 
atmospheric pressure can result if the cooling capacity 
of the cryogenic recondenser exceeds the heat load 
from the surroundings, namely the cryostat. A typical 
electrical pressure control system to avoid cryopumping 
requires a pressure sensor, a controller, wiring, a trans- 
ducer and a control response which may be either an 
internal heater which is adjusted by the controller, or a 
cryocooler speed control system responsive to varia- 



tions in pressure within the helium vessel. 
[0006] It has been discovered that operational varia- 
tions in helium gas pressure within the helium pressure 
vessel can flex the helium vessel and superconducting 
s magnet coil wires, altering the spatial distribution of cur- 
rent flow through the coils and homogeneity of the mag- 
netic field sufficient to degrade the quality of images pro- 
duced by the MRI imaging system. The problem is most 
pronounced in lighter weight pressure vessels being 
used in lightweight MRI equipment. 
[0007] Pressure sensor based pressure control sys- 
tems, whether utilizing a single pressure sensor, or a 
pair of separated pressure sensors to sense pressure 
differentials, require an internal pressure sensor ex- 
posed to the helium gas within the helium pressure ves- 
sel requiring access to the interior of the helium vessel 
from the exterior pressure control system through a port 
or tube. This provides a passage through which unwant- 
ed heat is introduced into the helium pressure vessel 
through which resultant Taconis oscillations or pumping 
action can pump heat into the interior of the helium ves- 
sel increasing helium boiling. It is also possible for frost 
to form in the pressure sensor tubing affecting its oper- 
ation. Moreover, pressure sensors are more expensive 
than other types of sensors. 

[0008] As a result, pressure sensors which respond 
to variations in pressure within the helium vessel have 
not proven to be entirely satisfactory in MRI helium pres- 
sure control systems. 

[0009] Thus, there is a particular need for an improved 
pressure control system for the helium pressure vessel 
which avoids the aforementioned problems yet which 
accurately responds to, and corrects for, variations of 
pressure to maintain a preselected pressure within the 
helium vessel. 

[0010] In accordance with one form of the invention, 
a zero boiloff helium-cooled superconducting magnet 
utilizing a helium gas recondenser includes a pressure 
control system to maintain a preselected pressure within 
the helium pressure vessel and which is responsive to 
variations in pressure within the helium vessel as de- 
tected by a temperature sensor sensing' corresponding 
variations in temperature at the recondenser positioned 
outside the pressure vessel to provide an accurate con- 
trol signal for controlling the pressure within the helium 
vessel through a recondenser temperature controller. 
[001 1] An embodiment of the invention will now be de- 
scribed, by way of example, with reference to the ac- 
companying drawings, in which:- 
[0012] FIG. 1 is a cross-section of a portion of a MRI 
superconducting magnet shown in simplified form incor- 
porating the sensor portion of the present invention. 
[001 3] FIG. 2 is an enlarged portion of FIG. 1 showing 
details of the pressure control system responsive to the 
sensors shown in FIG. 1 . 

[0014] Referring first to FIG. 1, MRI magnet system 
10 includes helium pressure vessel 4 including a liquid 
cryogen such as helium surrounded by vacuum vessel 
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2 with thermally isolating radiation shield 6 interposed 
between the helium vessel and the vacuum vessel. A 
cryocooler 12 (which may be a Gifford-Mahon cryocool- 
er) extends through vacuum vessel 2 within sleeve 8 
such that the cold end ot the cryocooler may be selec- 
tively positioned within the sleeve without destroying the 
vacuum within vacuum vessel 2, and heat generated by 
motor 9 of the cryocooler is outside the vacuum vessel. 
External cryocooler sleeve ring 1 4 extends outside vac- 
uum vessel 2, and collar 1 9 and sleeve flange 1 5 enable 
the securing of outer cryocooler sleeve 13 to vacuum 
vessel 2. Cryocooler 12 is installed in the cryocooler 
sleeve assembly 8, 18, 23 with matching transition 
flange 21 and secured with bolts 82 and associated 
washers. 

[0015] First stage heat station 16 of cryocooler 12 
contacts copper first stage thermal sleeve or heat sink 
1 8 which is thermally connected through braided copper 
flexible thermal couplings 22 and 24 and copper thermal 
blocks 26 and 28 on isolating radiation shield 6 to cool 
the radiation shield to a temperature of approximately 
60 °K providing thermal isolation between helium vessel 
4 and vacuum vessel 2. Flexible couplings 22 and 24 
also provide mechanical or vibration isolation between 
cryocooler 12 and radiation shield 6. 
[0016] The bottom surface of second stage heat sta- 
tion 30 of cryocooler 1 2 contacts indium gasket 29 to 
efficiently provide a temperature of 4°K to heat sink 11 
positioned on the opposite side of the indium gasket. 
Indium gasket 29 provides good thermal contact be- 
tween the cryocooler heat station 30 and heat sink 11. 
[0017] Extending below, and thermally connected to, 
heat sink 11 is helium recondensing chamber 38, made 
of high thermal conductivity material such as copper, 
which includes a plurality of substantially parallel heat 
transfer plates or surfaces 42 in thermal contact with 
heat sink 11 and forming passages between the surfac- 
es of the plates for the passage of helium gas from he- 
lium pressure vessel 4. 

[0018] Helium gas 40 forms above liquid helium sur- 
face level 44 of liquid helium supply 46 through the boil- 
ing of the liquid helium in providing cryogenic tempera- 
tures to MRI magnet system 10. Helium gas 40 passes 
through gas passageway 52, through the wall 53 of he- 
lium vessel 4, and through helium gas passage 50 to 
the interior of the upper portion 41 of helium recondens- 
ing chamber or canister 38. Heat transfer plates 42 with- 
in recondenser 39 are cooled to 4° K by second stage 
30 of cryocooler 12, such that helium gas 40 passing 
between the plates recondenses into liquid helium to 
collect in bottom region 48 of helium recondensing 
chamber 38 The recondensed liquid helium then flows 
by gravity through helium return line 54 and liquid helium 
passage 58 in helium vessel 4 backto liquid helium sup- 
ply 46, it being noted that helium recondensing chamber 
38 is positioned higher than liquid helium passageway 
58 in helium vessel 4. 

[0019] As a result, during operation of MRI magnet 



system 10 liquid helium 46 cools superconducting mag- 
net coil assembly (shown generally as 60) to a super- 
conducting temperature with the cooling indicated gen- 
erally by arrow 62 in the manner well known in the MRI 
s art, resulting in boiling of helium liquid 46 and production 
of helium gas 40 above helium surface level 44. How- 
ever, helium gas 40 instead of being vented to the sur- 
rounding atmosphere 37 as is common in many MRI 
equipments, flows through gas passageway 52 in wall 
10 53 of helium pressure vessel 4, and through helium gas 
passage 50 to the interior of helium recondensing cham- 
ber 38 to pass between cryocooler cooled heat transfer 
plates 42 to recondense back to liquid helium. The 
recondensed liquid helium drops to bottom region 48 of 
15 the helium recondensing chamber 38 where it collects 
and flows by gravity through helium return line 54 and 
liquid helium passageway 58 through helium vessel 4 
back to liquid helium supply 46, thus returning the 
recondensed helium gas back to the liquid helium sup- 
ply as liquid helium. 

[0020] In addition to cooling radiation shield 6 by first 
stage 1 6 of cryocooler 1 2, superinsulation 34 is provided 
in the space between radiation shield 6 and vacuum 
vessel 2 to further thermally isolate helium vessel 4 from 
vacuum vessel 2. Superinsulation 35 is also provided 
between recondensing chamber 38 and helium vessel 
4 to thermally isolate the recondensing chamber 38 dur- 
ing servicing of cryocooler 1 2 which warms up cryocool- 
er sleeve 13. Superinsulation 34 and 35 is aluminized 
Mylar multi-layer insulation used in the superconducting 
magnet industry. 

[0021] As best shown in FIG. 2, temperature sensor 
70, which may be Ruthenium oxide cryogenic tempera- 
ture sensor, such as sold by Scientific Instruments, Inc. 
as their Model R0600, is positioned on the surface of 
recondenser canister 39 proximate to second stage 
heat sink 11 to sense the temperature of recondenser 
39. Output signal 71 of temperature sensor 70 is con- 
nected through connector 56 to computer control or con- 
troller 74, a Scientific Instruments model 9650 controller, 
to provide a control signal 75 to variable voltage source 
76 within controller 74 to control current flow through 
electric strip heater 80 positioned on canister 38 of 
recondenser 39 Temperature sensor 70 and heater 80 
are positioned in approximately diametrically opposed 
positions on recondensing chamber 38 to provide desir- 
able interaction time constants. That is, the spatial sep- 
aration of temperature sensor 70 and heater 80 ensures 
that the temperature control action is stably responsive 
in that the temperature sensor senses the temperature 
of recondenser 39 and not that of the heater which when 
actuated would be at a temperature higher than that of 
the recondenser. While recondenser temperature sen- 
sor 70 is shown on recondenser canister 30 proximate 
or adjacent to heat station or heat sink 30, it may be 
placed directly on the heat station. 
[0022] Measurements of recondenser 39 tempera- 
ture and helium vessel 4 pressure were found to be ex- 
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actly correlated by the temperature - pressure saturation 
curve of the liquid helium cryogen 46. Other possible 
temperature measurement locations in the helium pres- 
sure vessel 4 do not follow this saturation curve because 
of thermal stratification, varying helium levels, and heat 
flow within the helium pressure vessel. Thus, 
recondenser 39 temperature outside helium vessel 4 
proved to be an unexpected remote temperature loca- 
tion responsive to the helium vessel internal pressure 
providing a control signal for accurate regulation of that 
pressure. 

[0023] Also, temperature sensor 70 is less expensive 
and more readily accessible than pressure sensors con- 
nected to the interior of helium vessel 4. Moreover, the 
recondenser temperature sensing control is independ- 
ent of differences in helium level 44 which occurs during 
operation of superconducting magnet 10. 
[0024] A second temperature sensor 84 may be add- 
ed to take advantage of the existence and position of 
temperature sensor 70 to assist in the proper adjust- 
ment of cryocooler 1 2 relative to recondenser 39. It is 
important for proper cooling of recondenser 39 to have 
the optimum or proper pressure across indium gasket 
29 to provide effective thermal contact and thermal con- 
nection to minimize thermal losses. The pressure or 
force exerted by the sandwich of the bottom of cryocool- 
er 1 2 and recondenser 39 on gasket 29 is adjusted by 
the selective tightening of bolts 82. The temperature 
drop, if any, across indium gasket 29 can be indicated 
by meter 86 at controller 74. Temperature sensor 84 is 
positioned on the cryocooler side of indium gasket 29 to 
provide a second temperature responsive signal 88. Ac- 
cordingly, bolts 82 may be selectively tightened to press 
cryocooler 12 against indium gasket 29 a sufficient 
amount to insure good thermal contact as detected by 
the temperature differential, if any, sensed by tempera- 
ture sensors 70 and 84 and as indicated by meter 86 
without overtightening and possible damaging the indi- 
um gasket. 



Claims 

1 . A zero boiloff cryogen cooled (62) recondensing su- 
perconducting magnet assembly (10) including su- 
perconducting magnet coils ( 60) suitable for mag- 
netic resonance imaging comprising: 

a cryogen pressure vessel (4) to contain a liquid 
cryogen reservoir (46) to provide cryogenic 
temperatures to said magnet coils for super- 
conducting operation; 

vacuum vessel (2) surrounding said pressure 
vessel and spaced from said pressure vessel; 
cryocooler (12); 

a recondenser (39) in the space between said 
pressure vessel and said vacuum vessel and 
thermally connected (29,11) to said cryocooler 



to recondense back to liquid cryogen gas pro- 
vided from said pressure vessel; 
(54,58) means to return the recondensed liquid 
cryogen to said pressure vessel; and pressure 
5 control means (74) to control the pressure with- 

in said pressure vessel above the pressure out- 
side (37) said pressure vessel; 
said pressure control means being responsive 
to a temperature sensor (70) positioned outside 
io said pressure vessel to sense the temperature 

of said recondenser. 

2. The zero boiloff superconducting magnet of claim 
11 wherein said pressure control means controls 

is the temperature of said recondenser to control the 
pressure within said pressure vessel. 

3. The zero boiloff superconducting magnet of claim 2 
including a thermal interface (30,29,11) between 

20 said cryocooler and said recondenser, and wherein 
said temperature sensor is positioned in the region 
proximate to said thermal interface 

4. The zero boiloff superconducting magnet of claim 3 
25 including an electrical heater in thermal contact with 

said recondenser and stably responsive to varia- 
tions in the temperature of said recondenser as 
sensed by said temperature sensor. 

30 5. The zero boiloff superconducting magnet of claim 4 
wherein said temperature sensor and said electrical 
heater are spaced from each other sufficiently to 
avoid a control action responsive to the temperature 
of said heater. 

35 

6. The zero boiloff superconducting magnet of claim 5 
wherein said spacing is approximately 180* around 
the surface of said thermal interface. 

40 7. The zero boiloff superconducting magnet of claim 3 
wherein said thermal interface includes a heat sink 
and said temperature sensor is positioned on said 
heat sink. 

45 8. The zero boiloff superconducting magnet of claim 3 
wherein said thermal interface includes a heat sink 
and said temperature sensor is positioned on said 
recondenser proximate to said heat sink. 

50 9. The zero boiloff superconducting magnet of claim 5 
wherein said temperature sensor is a ruthenium ox- 
ide cryogenic sensor. 

10. The zero boiloff superconducting magnet of claim 5 
55 wherein a thermal gasket is provided between said 
cryocooler and said recondenser to provide a ther- 
mal interface, and means to selectively adjust the 
pressure across said thermal interface, said means 
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to adjust including means to indicate the tempera- 
ture drop across said thermal interface. 

11 . The zero boiloff superconducting magnet of claim 7 
wherein a second temperature sensor is positioned 
on said cryocooler adjacent said thermal interface 
and said means to indicate utilizes the temperature 
difference across said thermal interface as sensed 
by said temperature sensor and said second tem- 
perature sensor. 

1 2. The zero boiloff superconducting magnet of claim 8 
wherein said thermal interface is an indium gasket. 

13. A zero boiloff liquid helium cooled (62) recondens- 
ing superconducting magnet assembly (10) suita- 
ble for magnetic resonance imaging comprising: 

a helium pressure vessel (4) to contain a liquid 
helium reservoir (46) to provide cryogenic tem- 
peratures to said magnetic resonance imaging 
magnet assembly for. superconducting opera- 
tion; 

a recondenser (39) and a cryocooler (12) or 
cooling said recondenser to recondense helium 
gas formed in said pressure vessel back to liq- 
uid helium; 

pressure control means (74) to maintain the 
pressure within said helium pressure vessel at 
a preselected pressure; and 
a temperature sensor (70) positioned proxi- 
mate to said recondenser to provide a control 
signal (71) responsive to the temperature of 
said recondenser; 

and pressure control means controlling the 
temperature of said recondenser at a preselect- 
ed level to maintain said preselected pressure 
within said pressure vessel in response to said 
control signal. 

14. The zero boiloff superconducting magnet of claim 

12 including a thermal interface (30,29,11) between 
said cryocooler and said recondenser, and wherein 
said cryocooler includes a cold end (30) and said 
temperature sensor is positioned in the region ad- 
jacent said cold end. 

15. The zero boiloff superconducting magnet of claim 

1 3 including a heater (80) in thermal contact with 
said recondenser and spaced from said tempera- 
ture sensor, said heater being responsive to varia- 
tions in the temperature sensed by said tempera- 
ture sensor. 

16. The zero boiloff superconducting magnet of claim 

14 wherein said thermal interface includes a ther- 
mal gasket between said cryocooler and said tem- 
perature sensor is positioned proximate to thermal 



interface. 

17. The zero boiloff superconducting magnet of claim 

14 wherein said temperature sensor and said heat- 
s er are sufficiently spaced to avoid a control re- 
sponse of said pressure control means to the tem- 
perature of said heater. 

18. The zero boiloff superconducting magnet of claim 
io 1 3 including means to selectively press said cryo- 
cooler toward said recondenser to compress said 
thermal interface and vary the thermal coupling be- 
tween said cryocooler and said recondenser. 

is 19. The zero boiloff superconducting magnet of claim 

1 5 further including an indication of the thermal cou- 
pling effectiveness of said thermal interface under 
pressure utilizing said temperature sensor. 

20 20. The zero boiloff superconducting magnet of claim 

1 6 wherein said indication is provided by an indica- 
tion of the differential temperature across said ther- 
mal interface as detected by said temperature sen- 
sor in combination with a second temperature sen- 

25 sor positioned proximate to said cold end of said 
cryocooler. 
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